Terminally misfolded or unassembled secretory proteins are retained in the endoplasmic reticulum (ER) and subsequently cleared by the ER-associated degradation (ERAD) pathway. The degradation of ERAD substrates involves mannose trimming of N-linked glycans; however, the mechanisms of substrate recognition and sorting to the ERAD pathway are poorly defined. EDEM1 (ER degradation-enhancing a-mannosidase-like 1 protein) has been proposed to play a role in ERAD substrate signaling or recognition. We show that EDEM1 specifically binds nonnative proteins in a glycan-independent manner. Inhibition of mannosidase activity with kifunensine or disruption of the EDEM1 mannosidase-like domain by mutation had no effect on EDEM1 substrate binding but diminished its association with the ER membrane adaptor protein SEL1L. These results support a model whereby EDEM1 binds nonnative proteins and uses its mannosidase-like domain to target aberrant proteins to the ER membrane dislocation and ubiquitination complex containing SEL1L.
INTRODUCTION
Newly synthesized proteins that traverse the secretory pathway enter the endoplasmic reticulum (ER) and interact with a diverse set of chaperones and processing enzymes. These ER proteins assist in the maturation of secretory cargo and administer a quality control test that helps to sort native proteins for exit to the Golgi (Ellgaard and Helenius, 2003; Hebert and Molinari, 2007) . Terminally misfolded proteins are sequestered away from the productive folding pathway and are eventually delivered to an ER membrane dislocation and ubiquitination complex for retrotranslocation and subsequent degradation by the cytosolic proteasome in a process termed ER-associated degradation (ERAD) (Vembar and Brodsky, 2008) . The partitioning and clearance of aberrant proteins are essential for cellular homeostasis and survival.
N-linked glycans can act as sorting tags during the maturation and quality control processes in the ER (Hebert and Molinari, 2007) . As proteins emerge into the ER lumen, glycans comprised of 3 glucoses, 9 mannoses, and 2 N-acetylglucosamines (Glc 3 Man 9 GlcNAc 2 ) are attached to proteins. Generation of monoglucosylated glycans by successive cleavage of the first two glucoses by glucosidases I and II allows for the interaction between the immature glycoprotein and the lectin chaperone calnexin and its soluble paralog, calreticulin (Hebert and Molinari, 2007) . Lectin chaperone binding to monoglucosylated glycans facilitates the efficient folding and ER retention of immature glycoproteins. In contrast, the identification of aberrant proteins for destruction appears to involve mannose trimming, as pharmacological or genetic inhibition of mannosidase activity stabilized glycosylated ERAD substrates (Jakob et al., 1998; Liu et al., 1999; Svedine et al., 2004) .
The ER contains a number of mannosidase-like or mannosebinding proteins that are involved in ERAD. Degradation appears to involve the extensive mannose trimming of substrates to Man 6-5 (Hosokawa et al., 2009; Quan et al., 2008) . The glycosylhydrolase family 47 contains two subgroups that reside in the ER, including a1,2-mannosidase I (ER ManI) and the EDEM (ER degradation-enhancing a-mannosidase-like proteins) family. ER ManI removes a single a1,2-mannose on the B branch and can continue to remove additional mannose residues under higher nonphysiological concentrations of the enzyme (Herscovics et al., 2002) . The EDEM family contains three ER proteins, EDEM1-3, and their corresponding genes are targets of transcriptional regulation in response to stress. Overexpression of EDEM1 increased the rate of misfolded glycoprotein trimming and degradation, while the trafficking of correctly folded glycoproteins was unaffected (Molinari et al., 2003; Oda et al., 2003; Olivari et al., 2006) . However, the mechanism by which EDEM1 assists glycoprotein quality control remains uncertain.
In the present study, we characterized the binding properties of EDEM1 to investigate how misfolded glycoproteins are selected and targeted for degradation. EDEM1 binding to the model ERAD substrate a-1-antitrypsin (A1AT) null Hong Kong (NHK) did not require mannose trimming or glycosylation. However, EDEM1 was shown to associate with the downstream ERAD component SEL1L in a carbohydrate-dependent manner. Hence, we propose that EDEM1 serves as a quality control receptor that acts as a molecular link between misfolded proteins and the SEL1L-containing ER membrane dislocation and ubiquitination complex.
RESULTS

EDEM1 Selectively Binds Misfolded Proteins
To characterize the binding specificity of EDEM1, a cell-based binding assay was established. Wild-type (WT) and mutant forms of A1AT, a model soluble glycoprotein, were separately coexpressed in 293T cells with EDEM1 tagged with a C-terminal FLAG epitope. Cells were radiolabeled with [
35 S]-Met/Cys for 15 min, chased for various times, and solubilized using a nondenaturing detergent prior to immunoprecipitation with A1AT or FLAG antisera. Immune complexes were washed under harsh conditions to minimize nonspecific interactions. These conditions disrupt substrate interactions with calnexin and calreticulin (Hebert et al., 1995) . The ER form of WT A1AT was resolved as a sharp band of $48 kD ( Figure 1A , lanes 1-6). A slower migrating smear appeared after 1 hr of chase that corresponded to protein containing complex sugars received after passage through the Golgi. The complex carbohydrate-containing form of A1AT accumulated in the culture media in a time-dependent manner ( Figure 1A, lanes 13-18) . The stability of WT A1AT was unaffected by the coexpression of EDEM1 ( Figure 1A, plot) .
The NHK mutant variant of A1AT has a frameshift mutation resulting in a C-terminal truncation of 61 amino acids (Sifers et al., 1988) . NHK has served as a model ERAD substrate and has been shown to colocalize with EDEM1 (Hosokawa et al., 2001; Liu et al., 1999; Zuber et al., 2007) . As expected, the ER glycoform of NHK accumulated and was not found in the culture media ( Figure 1B ) (Sifers et al., 1988) . In contrast to WT A1AT, (A) Blank vector (À) or EDEM1-FLAG was coexpressed with WT A1AT (A) or NHK (B) into 293T cells. Cells were radiolabeled for 15 min and chased for the indicated times. Cells were lysed in MNT buffer, and A1AT and EDEM1 were isolated using A1AT (a-A1AT) and FLAG (a-FLAG) antisera. Secreted A1AT was also isolated from the cell culture media. The corresponding proteins were resolved on 9% reducing SDS-PAGE. Quantification of percentage of cellular WT A1AT (A), percentage EDEM1-bound NHK (C), or percentage of cellular NHK (D) was determined. Error bars represent the standard deviation for at least three independent experiments. a significant fraction of NHK coimmunoprecipitated with EDEM1 ( Figure 1B , lanes 13-16, and Figure 1C ), and its coexpression accelerated the turnover of NHK ( Figure 1D ), as previously observed (Hosokawa et al., 2001; Oda et al., 2003) . EDEM1 binding to NHK reached a maximum level of 35% after 1 hr of chase, indicating that binding was both efficient and transient.
To further characterize the EDEM1-NHK complex, cell lysates were separated by sucrose density gradient ultracentrifugation. Uncomplexed NHK was found at the top of the gradient in fractions 1 and 2 (Figure 2A , a-A1AT). NHK did not coimmunoprecipitate with EDEM1 in these fractions (Figure 2A , a-FLAG). EDEM1-NHK complexes were found most predominately in fraction 4 ($7S, Figure 2A , a-FLAG). The complex size and the presence of only the EDEM1 doublet and NHK in the A1AT immunoprecipitated fraction 4 supports the formation of a complex comprised largely of EDEM1 and NHK (Figure 2A ). EDEM1 also efficiently bound and accelerated the turnover of two additional ERAD substrates, the Z-variant of A1AT and a mutant form of the type I membrane glycoprotein tyrosinase (see Figure S1 available online) (Termine et al., 2009 ) (data not shown). Together, these results indicated that EDEM1 differentiates between native and nonnative glycoproteins and transiently binds aberrant proteins.
EDEM1 Binds Misfolded Glycoproteins in a Carbohydrate-Trimming-Independent Manner
Mannose trimming of substrate carbohydrate side chains during maturation has been proposed to play a role in marking aberrant proteins for destruction (Cabral et al., 2001; Hebert and Molinari, 2007) . To investigate the requirement for carbohydrate trimming as a determinant for EDEM1 binding to misfolded proteins, EDEM1 was coexpressed with NHK in the absence or presence of various glycosidase inhibitors, and the binding of EDEM1 to NHK was analyzed by coimmunoprecipitation (Figure 2B and 2C) . Three different mannosidase inhibitors were employed to Molecular Cell EDEM1's Binding Properties explore the role of mannose trimming for EDEM1 binding. Kifunensine (KIF) and 1-deoxymannojirimycin (DMJ) inhibit class I mannosidases such as ER ManI (Vallee et al., 2000) . In contrast, swainsonine (SWN) inhibits class II mannosidases such as Golgi a-mannosidases (Moremen, 2002) . EDEM1 binding to NHK was unaffected regardless of the mannosidase inhibitor employed (Figures 2B and 2C) . Furthermore, the inclusion of the glucosidase inhibitor 1-deoxynojirimycin (DNJ) had no affect on EDEM1 binding. As observed previously, KIF moderately stabilized NHK after a 1 hr chase (Hosokawa et al., 2001 ). These results demonstrated that EDEM1 bound NHK irrespective of glycan trimming and suggest that EDEM1 recognizes misfolded regions of aberrant proteins.
EDEM1 Binds Misfolded Proteins Independently of Glycans
Human ER ManI and EDEM1 share 24% amino acid sequence identity, and the three active site residues of ER ManI (Glu330, Asp463, and Glu599) are conserved in EDEM1 (Glu225, Asp370, and Glu493) (Karaveg et al., 2005) . Mutation of the acidic residues of ER ManI to neutral amino acids abolished mannosidase activity while either enhancing (Glu330) or diminishing (Asp370 and Glu599) its affinity for Man 9 glycans (Karaveg et al., 2005) . The similar acidic residues in the mannosidase-like domain of EDEM1 were mutated to neutral amino acids to investigate their role in substrate binding. The EDEM1 mutants possessed half-lives similar to WT-tagged and endogenous EDEM1 ( Figure  S3B ). NHK was coexpressed with either WT EDEM1, EDEM1 single (E225Q, D370N, or E493Q), or triple (E225Q/D370N/ E493Q; termed QNQ) site mutations, and the binding to NHK was monitored.
The binding level to NHK for all three EDEM1 single site mutations was indistinguishable from WT EDEM1 ( Figures 3A and 3B) . The peak binding level of $30% was found after a 1 hr chase ( Figure 3B ). Similar results were also observed with the triple mutant EDEM1-QNQ. The three acidic residues were also exchanged for bulky and positively charged Lys residues (E225/D370/E493 to K; termed KKK) to determine the effect on substrate binding using a more severe mutation that is expected to abolish any carbohydrate-binding activity. Interestingly, EDEM1-KKK binding to NHK increased to 43% after 1 hr of chase, indicating that an intact carbohydrate-binding domain was not required for substrate binding.
All the EDEM1 single and triple mutants accelerated the turnover of NHK, as the level of NHK observed after 1 hr of chase was decreased ( Figures 3A and 3C) . Furthermore, mutation of single or all three putative active site acidic residues combined caused a slight retardation in the mobility of NHK when compared to WT EDEM1 overexpression as observed by SDS-PAGE ( Figure 3A , lanes 25-42, and Figure S3A ). The difference in mobility was due to glycan trimming, as NHK migrated with identical mobilities after PNGase F treatment ( Figure S3A ). This observation is in agreement with previous findings using NHK and BACE as ERAD substrates that suggested that EDEM1 possesses mannosidase activity or works as an accessory protein for a mannosidase (Olivari et al., 2006) . These results indicate that the putative catalytic residues of the mannosidase-like domain of EDEM1 are not required for binding to misfolded glycoproteins. 
. Characterization of the EDEM1-NHK Complex and Its Glycan Trimming Independence
(A) 293T cells were transfected with EDEM1-FLAG and NHK. After pulse-labeling for 15 min, cells were chased for 1 hr and lysed with MNT buffer. The lysate was layered on a linear sucrose gradient in MNT buffer and centrifuged. Each fraction was subjected to immunoprecipitation using a-A1AT or a-FLAG antibody, and samples were separated by reducing SDS-PAGE. Sedimentation velocity values and molecular weights are denoted at the bottom and right side of the autoradiograms, respectively. (B) EDEM1-FLAG was coexpressed with NHK in 293T cells. Cells were pulse labeled for 15 min and chased for the indicated times. KIF (150 mM), SWN (50 mM), DMJ (1 mM), and/or DNJ (0.5 mM) were present 1 hr prior to radiolabeling, as well as in the radiolabeling and chase medium. A1AT or EDEM1 were isolated from cell lysates using A1AT (a-A1AT, lanes 1-6) and FLAG (a-FLAG, lanes 7-12) antisera, respectively. Complexes were resolved on 9% reducing SDS-PAGE. (C) Quantifications of the percentage of cellular NHK or percentage of EDEM1-bound NHK are displayed. Error bars represent the standard deviation for at least three independent experiments.
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To further examine the carbohydrate requirement for EDEM1 binding to nonnative proteins, the ability of EDEM1 to associate with NHK lacking all three glycosylation sites (NHK NOG ) was analyzed. The three Thr in the N-linked glycosylation sites were mutated to Ala. EDEM1 bound 50% of NHK NOG after 1 hr of chase. The binding level of EDEM1 to NHK NOG was greater than that found for NHK containing all of its glycans ( Figure 3D , lanes 10-12, and Figure 3E compared to Figure 1C) , and it appeared to be found in a similar size complex to glycosylated Figures S2A) . However, the degradation kinetics of the misfolded unglycosylated protein was unaffected by the overexpression of WT EDEM1 ( Figure 3D , lanes 1-6, and Figure 3F ). Altogether, these results indicate that EDEM1 can recognize and bind misfolded proteins in a glycan-independent manner.
NHK (
The Mannosidase-like Domain of EDEM1 Is Involved in SEL1L Binding
Since the mannosidase-like domain of EDEM1 does not appear to be required for ERAD substrate binding, we explored the possibility that it was utilized for binding to downstream ERAD machinery. In S. cerevisiae, an ER membrane ubiquitinligase complex involved in the dislocation and ubiquitination of proteins containing lumenal lesions was identified that contained Hrd1p, Hrd3p, and Der1p (Carvalho et al., 2006; Denic et al., 2006) . Hrd1p is an ubiquitin E3 ligase, while Hrd3p is an adaptor protein that regulates its function (Vembar and Brodsky, 2008) . Hrd3p has a large lumenal domain that supports interactions with lumenal quality control machinery such as Yos9p, a proposed quality control receptor (Denic et al., 2006) . The mammalian homolog of yeast Hrd3p is SEL1L (Mueller et al., 2008) . As EDEM1 can specifically recognize aberrant proteins, we next determined whether EDEM1 interacts with SEL1L.
EDEM1 was expressed in 293T cells and immunoisolated. Immunoblotting of the isolated fractions with antisera to ER and Molecular Cell EDEM1's Binding Properties cellular control proteins revealed that EDEM1 bound $15% of the total SEL1L ( Figures 4A and 4B ). EDEM1 binding to GRP94, BiP, or GAPDH was not observed under these conditions. The interaction between EDEM1 and SEL1L was investigated using glycosidase inhibitors to characterize the requirement for carbohydrate trimming. EDEM1 binding to SEL1L was only affected by the addition of KIF, which caused a 5-fold decrease in binding. The nature of the EDEM1-SEL1L interaction was further explored by determining if the putative active site residues of the mannosidase-like domain of EDEM1 were utilized for interacting with SEL1L. Mutation of the mannosidase-like domain acidic residues decreased the binding for SEL1L by 2-to 3-fold ( Figures 4C and  4D) . Altogether, these results suggest that the putative catalytic residues of the mannosidase-like domain of EDEM1 are involved in binding to SEL1L, and not the binding or recognition of ERAD substrates.
DISCUSSION
We characterized the binding properties of EDEM1 and found that EDEM1 is able to discriminate between nonnative and native proteins during protein maturation and quality control. EDEM1 binding to ERAD substrates did not require the trimming of substrate glycans or for the substrate to be glycosylated. Instead, EDEM1 appeared to use its mannosidase-like domain to bind to the downstream ERAD machinery target SEL1L. These results support a role for EDEM1 in the recognition of aberrant proteins and their delivery to an ER membrane ubiquitin-ligase complex by binding to the adaptor protein SEL1L.
EDEM1 bound mutant variants of the soluble ERAD substrate A1AT (NHK and Z; Figure 1C and Figure S1A ) and the membrane-integrated ERAD substrate tyrosinase (TYR-C71R, Figure S1B ). Soluble substrates are solely reliant on lumenal selection for ERAD. We chose to characterize the binding of EDEM1 to NHK in detail since it is arguably the most thoroughly studied soluble mammalian ERAD substrate. Previous studies have demonstrated that pharmacological mannosidase inhibition stabilized NHK, and its turnover was accelerated by the overexpression of mannosidases or EDEM family members (Hosokawa et al., 2001 Liu et al., 1999) . Short hairpin RNA knockdown of HRD1 or SEL1L also decreased the rate of NHK degradation, indicative of their involvement in NHK clearance (Christianson et al., 2008 ). These results demonstrate that, after recognition in the ER lumen as an ERAD substrate, NHK is degraded through the ERAD pathway involving the HRD1/SEL1L complex.
The ERAD process in yeast and mammalian cells appears to utilize a number of protein complexes for recognition, dislocation, ubiquitination, and degradation (Carvalho et al., 2006; Christianson et al., 2008; Denic et al., 2006; Mueller et al., 2008) . EDEM1 was found recently to reside in a complex with ERdj5 and BiP (Ushioda et al., 2008) . ERdj5 possesses reductase activity and a J domain, which recruits the ER Hsp70 chaperone BiP. This EDEM1-ERdj5-BiP complex is predicted to select and maintain ERAD substrates in a translocation-competent form for dislocation to the cytoplasm. Interestingly, we found that the depletion of ERdj5 by siRNA did not affect NHK binding to EDEM1 ( Figure S6 ).
The involvement of protein complexes complicates the interpretation of experiments where the effect on ERAD substrate turnover is monitored after the overexpression of a single subunit from a complex. The creation of potentially orphan subunits might disrupt the function of the complex, producing a dominant-negative effect. For instance, OS-9 and XTP3-B, two putative ERAD receptors observed in complexes with GRP94 and/or BiP, stabilize NHK when they are individually overexpressed (Christianson et al., 2008; Hosokawa et al., 2008) . However, overexpression studies can be used effectively to facilitate the probing of the binding properties for the individual components of the ERAD network if the overexpressed factor directly binds the substrate. The ability of EDEM1 to bind NHK in the absence of ERdj5, combined with the size of the EDEM1-NHK complex as (A) WT EDEM1-FLAG was transfected into 293T cells, which were treated in the absence or presence of 150 mM KIF, 1 mM DMJ, or 1 mM DMJ and 0.5 mM DNJ for 5 hr. EDEM1 was immunoprecipitated using FLAG antiserum (a-FLAG). Isolated complexes and 50% of their representative total cell lysate were resolved on a 10% reducing SDS-PAGE and immunoblotted with antisera for the indicated proteins. (C) Blank vector (À), WT, and mannosidase-like domain mutants of EDEM1 were transfected into 293T cells. EDEM1 complexes were analyzed similar to (A). Quantification of percentage SEL1L bound by EDEM1 from (A) and (C) is displayed in (B) and (D), respectively. Error bars represent the standard deviation for at least three independent experiments.
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EDEM1's Binding Properties determined by ultracentrifugation, are consistent with EDEM1 binding directly to NHK in a 1:1 complex.
The current glycoprotein quality control hypothesis predicts that the mannose trimming of ERAD substrate glycans by a mannosidase provides a demannosylated signal on the aberrant secretory cargo for ERAD (Cabral et al., 2001; Hebert and Molinari, 2007) . Glycans trimmed to a glycoform ranging from Man 8 to Man 5 are proposed to create the signal that is recognized by carbohydrate-binding quality control receptors (Jakob et al., 1998) . Recent studies suggest that terminal a1,6-linked mannose oligosaccharides provide the signpost for defective glycoproteins (Clerc et al., 2009; Hosokawa et al., 2009; Quan et al., 2008) . In this current ER quality control model, the substrate-receptor complex is then targeted to an ER membrane complex for dislocation, ubiquitination, and subsequent degradation by the cytosolic proteasome. EDEM1 has been proposed to act as either the mannosidase that creates the demannosylated signal or the quality control receptor that recognizes and sorts mannose-trimmed proteins for ERAD by extracting them from the calnexin binding cycle (Molinari et al., 2003; Oda et al., 2003; Olivari et al., 2006) .
Our findings from the analysis of the binding properties of EDEM1 are in conflict with the current models described above. We found that EDEM1 appeared to directly recognize nonnative structures, as it associated with NHK irrespective of its glycosylation status. However, EDEM1 did not bind or accelerate the turnover of two naturally nonglycosylated ERAD substrates k light chain or mutant transthyretin ( Figures S4 and S5 ) (OkudaShimizu and Hendershot, 2007; Sekijima et al., 2005) . The ability of EDEM1 to recognize aberrant structures appears to be highly substrate dependent. If EDEM1 can also act as a mannosidase, it must behave in a nontraditional manner as it selectively, efficiently, and persistently bound substrate, properties not shared by other glycosidases.
An intact mannosidase-like domain of EDEM1, expected to be required for substrate recognition or signaling, was instead required for binding to the downstream ERAD machinery. EDEM1 binding to SEL1L was disrupted by mutation of the acidic amino acids that are putative mannose-interacting residues in EDEM1 or mannosidase inhibition with KIF. KIF and DMJ treatment both inhibit mannose trimming resulting in the accumulation of Man 9 glycans (Avezov et al., 2008) . However, only KIF treatment inhibited EDEM1 binding to SEL1L. As KIF is a mannose analog, binding inhibition may involve its direct association with the EDEM1 mannosidase-like domain rather than the accumulation of untrimmed mannose side chains.
Kopito and colleagues recently demonstrated that OS-9 and XTP3-B interacted with SEL1L (Christianson et al., 2008) . Mutations to their mannose-6-phosphate receptor homology (MRH) domains perturbed associations with SEL1L, indicating that the MRH domains of OS-9 and XTP3-B are used for binding to SEL1L, likely through the glycans of SEL1L. Human SEL1L possesses five N-linked glycosylation sites, and the bulk of its lumenal domain is comprised of 11 tetratricopeptide repeats (TPR). TPR domains mediate protein-protein interactions supporting the recruitment of a variety of proteins, including chaperones from the Hsp70 and Hsp90 families (D'Andrea and Regan, 2003) . Therefore, EDEM1 binding to SEL1L may involve bipartite interactions including its mannosidase-like domain binding the large and flexible glycans of SEL1L, and protein-protein association with the TPR domains. Interactions with the TPR domains of SEL1L may be mediated directly through EDEM1 or a member of the EDEM1 complex such as BiP or ERdj5. Together, these results support a modified model whereby the mannosidaselike domain or the MRH domains of these quality control receptors mediate interactions with the downstream ERAD apparatus, providing an alternative glycan-dependent mechanism for targeting and delivery of aberrant secretory cargo through the ERAD pathway.
A detailed understanding of the recognition and delivery process for the ERAD pathway will require the reconstitution of these processes using purified components. In vitro activity studies are needed to understand whether the additional trimming observed after EDEM1 overexpression was due to EDEM1 directly possessing mannosidase activity or the potential association of EDEM1 with a mannosidase. In support of the later possibility, EDEM1 was recently found to bind and stabilize ER ManI (Termine et al., 2009) . As most of the proteins involved in the ER quality control selection and delivery process are themselves glycosylated, the interpretation of results using chemical glycosidase inhibitors or the modulation of glycosidase levels through overexpression or RNAi approaches is complicated. It has been widely assumed that perturbations to the glycan status are mediated through substrate glycans. However, results presented here suggest that the glycan status of the ERAD machinery itself also appears to play an important role in shepherding ERAD substrates and factors through the ERAD pathway.
EXPERIMENTAL PROCEDURES Cell Culture and Transfections
Human embryonic kidney (HEK) 293T cells were maintained in DMEM supplemented with 10% FCS, 100 U/ml penicillin, and 100 mg/ml streptomycin and incubated at 37 C in 5% CO 2 . Single and cotransfections of plasmids into cells were accomplished using Lipofectamine 2000, following the manufacturer's instructions. For all cotransfections, EDEM1 and its mutants were transfected at a plasmid molar ratio of 2:1 to the plasmid encoding the substrate protein.
Transfections were incubated 16 hr before pulse labeling or harvesting.
Starvation-free Pulse-Chase Labeling, Immunoprecipitation, and Immunoblotting Pulse-chase labeling, immunoprecipitation, and immunoblotting was performed as previously described, with a modified exclusion of the starvation period from the pulse-chase experiments (Svedine et al., 2004) . Isolation of postnuclear supernatant (PNS) and all subsequent immunoprecipitation (IP) steps were conducted at 4 C. Cells were lysed in MNT buffer (<0.5% Triton X-100, 20 mM MES, 100 mM NaCl, 20 mM Tris-HCl [pH 7.5]) containing protease inhibitors. The PNS was cleared with 10% Zysorbin for 1 hr. The clarified supernatant was incubated with the indicated antiserum complexed to protein A-Sepharose and rotated for 16 hr. Immune complexes were washed twice with 0.05% Triton X-100, 0.1% SDS, 300 mM NaCl, 10 mM Tris-HCl (pH 8.6), resuspended in reducing sample buffer, and resolved on SDS-PAGE. 
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